
Abstract We applied an advanced backcross breeding
strategy to identify quantitative trait loci (QTLs) of agro-
nomic importance in a cross between two elite inbreds of
maize, RD6502 (Mo17-type recurrent parent) and
RD3013 (Iodent donor parent). Two hundred and four
BC2 families were scored at 106 SSR, 15 AFLP, and 38
Heartbreaker (MITE) loci. BC2 testcrosses (TC) with
B73 were phenotyped at six locations in the Midwest
and N.Y. We detected four grain yield, six grain mois-
ture, and three plant height QTLs at which the RD3013
allele had a favorable effect (p < 0.05). All four yield
QTLs were selected as target introgressions in the devel-
opment of BC3TC families. As predicted by BC2TC
analysis, BC3TC entries containing introgressions at
yld3.1 and yld10.1 significantly outperformed non-carri-
er entries by 11.1% (15.6 bu/A at one location) and 6.7%
(7.1 bu/A averaged across two locations), respectively, in
replicated Midwestern trials (p < 0.05). Detection of
yld10.1 effects in the BC2TC by spatial analysis (i.e., in-
complete block, response surface, autoregressive, mov-
ing average or autoregressive moving average), but not
by conventional single point analysis or interval map-
ping, indicated the utility of local environmental control
for QTL mapping in unreplicated maize progeny. This
work demonstrated that the advanced backcross QTL
method can be applied to identify and manipulate useful
QTLs in heterotic inbreds of elite maize. Genetic gains
by this approach can be coupled with the maintenance
and selection of favorable epistatic gene complexes by
traditional hybrid breeding for maize improvement.
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Grain yield · Spatial analysis · Heartbreaker miniature
inverted transposable elements

Introduction

The advanced backcross (AB) method has been used for
the simultaneous identification and transfer of favorable
quantitative trait locus (QTL) alleles from unadapted
material to elite lines (Tanksley and Nelson 1996). By
this approach, QTLs having positive effects on key agro-
nomic traits (e.g., fruit weight and soluble-solids con-
tent) were discovered in the wild species Lycopersicon
pimpinellifolium, Lycopersicon pennellii and Lycoper-
sicon hirsutum, and transferred to cultivated tomato
(Lycopersicon esculentum) (de Vicente and Tanksley
1993; Eshed and Zamir 1994; Tanksley et al. 1996).
Similarly, Xiao et al. (1998) and Moncada et al. (2001)
generated interspecific BC2 testcross and BC2F2 popula-
tions of rice (Oryza sativa L.), and determined that intro-
gression of Oryza rufipogon QTL alleles into elite rice
hybrid and inbred varieties enhanced grain yield by 17%
and 14%, respectively.

In this study, we hypothesized that AB-QTL analysis
can be extended to crosses between elite, heterotic 
inbreds of maize. In contrast to tomato and rice, maize is
an allogamous crop species that encompasses abundant
genetic variation (Darrah and Zuber 1986) despite a 
domestication bottleneck (Eyre-Walker et al. 1998) fol-
lowed by intensive breeding. If high-order epistasis
plays a major role in hybrid maize performance, marker-
assisted selection (MAS) done in advanced backcross
progeny may be superior to such selection in the F2. In
an F2 population, recombination can dismantle the as-
sembly of favorable epistatic gene combinations accu-
mulated by traditional breeding (Allard 1996). Because
an advanced backcross population is skewed toward the
recurrent parent genome, favorable epistatic interactions
among recurrent parent and tester alleles are less likely
to be disrupted. Conversely, there is a higher probability
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of detecting donor parent alleles with useful additive or
dominant effects that will be expressed in a nearly iso-
genic background (Tanksley and Nelson 1996).

Commonly observed upon transfer of individual
QTLs to isogenic backgrounds (Doebley et al. 1995;
Long et al. 1995; Eshed and Zamir 1996; Laurie et al.
1997), epistasis has been established as a major mecha-
nism of adaptation in various plant species (Allard 1996)
and the genetic basis of heterosis in rice (Yu et al. 1997).
Evidence of epistasis and its importance in maize has 
accumulated steadily as well (e.g., Lamkey et al. 1995;
Allard 1996; Wolf and Hallauer 1997; Eta-Ndu and
Openshaw 1999; Lukens and Doebley 1999). Through
concurrent programs of parental line development and
hybrid evaluation, maize breeders have selected and
fixed favorable epistatic gene combinations in inbreds
with excellent specific combining ability. The common
practice of developing source populations by crossing
inbreds from the same heterotic pattern (Melchinger et
al. 1998) has served to maintain and accumulate favor-
able epistatic gene combinations, particularly those in
linkage disequilibrium (Lamkey et al. 1995). For exam-
ple, the exceptional performance of the widely grown
hybrid B73 × Mo17 has been attributed in part to posi-
tive epistatic effects on heterosis (Wolf and Hallauer
1997). In another study, Stuber and Sisco (1991) identi-
fied yield QTLs in the F2 progeny of two maize inbreds
(Tx303 and Oh43), backcrossed the chromosomal seg-
ments into B73, and found that it was disadvantageous to
transfer more than two or three segments to the elite line.
The authors postulated that epistatic interactions among
a larger number of introgressions can cause an unfavor-
able effect on yield.

In this experiment, we performed QTL analysis in a
BC2 population of elite maize for the improvement of
hybrid yield. By crossing heterotic inbreds, we targeted
QTLs that may not have been manipulated by conven-
tional methods of line development based on crosses be-
tween closely related lines (Lamkey et al. 1995; Wolf
and Hallauer 1997; Melchinger et al. 1998). By delaying
selection until the BC2 generation, we emphasized the
detection of useful additive and dominant QTL effects
(Tanksley and Nelson 1996) that otherwise might be
confounded with novel and negative epistatic interac-
tions in balanced populations (e.g., F2, recombinant in-
bred lines). The primary objective of this study was to
assess the efficiency of AB-QTL analysis for the identi-
fication and transfer of agronomically useful QTLs in
heterotic gene pools of elite maize.

Materials and methods

Population development

To develop a BC2 population, we selected two Cornell inbreds,
RD6502 (Mo17-type) as a male recurrent parent and RD3013 
(Iodent) as a female donor parent. RD3013 is an early maturing
inbred that combines well with both RD6502 and B73, the tester
used in this experiment. RD6502 was crossed with RD3013 to

generate F1 plants, which subsequently were backcrossed to
RD6502 to generate 18 BC1 families. Two or three plants from
each BC1 family were backcrossed again to RD6502 to generate a
total of 39 BC2 families. The following year, five or six plants
from each BC2 family were self-pollinated, backcrossed, and
crossed to B73 to generate 204 sets of BC2S1, BC3 and BC2 test-
cross (TC) families, respectively. We applied minimal selection at
the BC1 and BC2 stages by eliminating agronomically inferior
plants (e.g., very late maturity or lack of coincidence between pol-
len shed and silk emergence) and advancing plants with good ear
quality and seed set.

In 1998, the 204 BC2TC families, one commercial check 
(Pioneer 3394), and three replicates of the original B73 × RD6502
hybrid were randomized and machine-planted in two-row plots
(5.3 × 0.76 m2 at 69,200 plants/ha) as unreplicated trials at six lo-
cations: Aurora, N.Y., Jerseyville, Ill, Kingston, N.Y., Pittsford,
N.Y., Winterset, Iowa and York, Neb. Weed and insect control and
nutrient management recommendations for each local area were
followed. Five or six plants from each BC3 family were self-polli-
nated in a summer nursery the same year.

Trait evaluation

At all locations, grain was combine-harvested and evaluated for
grain yield (adjusted to 15.5% grain moisture), grain moisture (%)
at harvest, and yield-to-moisture ratio. At N.Y. locations, plant
height and standability data were collected after flowering on a
plot basis. Plant height (cm) was based on the average of six com-
petitive plants randomly sampled from each plot and measured
from the soil surface to the tip of the central spike of each tassel.
Root lodging was measured as the number of plants leaning more
than 30 degrees from the vertical. Stalk lodging was measured as
the number of plants broken at or below the primary ear node.

Molecular markers

To reconstitute BC2 genotypes, the DNA of each BC2S1
family was extracted as a pooled sample from freshly
harvested leaves of 20 plants according to Causse et al.
(1994). Similarly, we obtained DNA of parental lines
RD6502 and RD3013. The 204 BC2 progeny were 
genotyped at 106 simple sequence repeat (SSR) loci
(http://www.agron.missouri.edu) according to Causse 
et al. (1994). Gel electrophoresis and microsatellite de-
tection by silver-staining were performed according 
to Panaud et al. (1996). SSR data were collected by visu-
ally scoring the presence or absence of the RD3013 
allele at each marker locus.

In addition, we genotyped the population at 16 ampli-
fied fragment length polymorphism (AFLP) and 38
Heartbreaker (Hbr) miniature inverted transposable ele-
ment (MITE) loci. For AFLP analysis, a two-step ampli-
fication strategy was performed according to Vuylsteke
et al. (1999). After screening 14 PstI/MseI primer combi-
nations for polymorphism between parental lines, we se-
lected the four most informative primer pairs for map-
ping in the BC2 population. For Hbr transposon display
(TD), we followed the modified AFLP procedure de-
scribed by Casa et al. (2000). After screening eight MseI
and BfaI primer-enzyme combinations in the selective
amplification step, we selected the four primer pairs that
produced the highest number of polymorphic bands for
mapping in the BC2 population. All unlabeled primers



442

and adapters were synthesized by Research Genetics
(http://www.resgen.com). The HbrInt5 and PstI selective
primers were synthesized on an Applied Biosystem 392
(Applied Biosystem, Foster City, Calif.) and labeled with
hexachloro-6-carboxyfluorescein (HEX) or 6-carboxy-
fluorescein (6-FAM) by the Cornell BioResource Center
(http://brcweb.bio.cornell.edu).

Gel electrophoresis in fluorescent format was done on
an automated DNA sequencer (Model 373A for AFLP
analysis and Model 377 for Hbr-TD, Perkin-Elmer/ABI)
as described by Casa et al. (2000). Electropherograms
were analyzed using GeneScan v.2.1 (Perkin-Elmer/
ABI). DNA fragments were sized by interpolation to 
an internal lane standard using the Local Southern 
algorithm. After verification of peak scoring for each
DNA sample, GeneScan result files were imported into 
Genotyper v.2.5 (Perkin-Elmer/ABI). Polymorphic peaks
between the parental lines were labeled manually, and a
fragment presence/absence matrix was generated.

Linkage map

SSR markers were ordered by bin number according to
the 1998 SSR Consensus Map (http://www.agron.
missouri. edu). To this framework, Hbr and AFLP mark-
ers were integrated by the BC2 algorithm and the ‘distrib-
ute’ command of Map Manager QTX b08 [http://mcbio.
med.buffalo.edu/mmQTX.html; (Manly and Olson 1999)].
To include a locus in a linkage group, a minimum loga-
rithm of odds (LOD) threshold of 3.0 and a maximum re-
combination fraction of 0.40 were used.

QTL analysis

To identify QTLs associated with grain yield, grain
moisture or plant height, single-point analysis (SPA) and
interval mapping (IM) were performed on genotypic data
and phenotypic measurements collected at each location
using QGENE software (Nelson 1997). For each trait,
significance thresholds corresponding to a 1% or 5%
type-I error for the whole genome were determined
based on 5,000 permutations (Churchill and Doerge
1994).

To control local field heterogeneity when mapping
QTLs, we also evaluated five spatial models of grain
yield for each test site: response surface (RS), incomplete
block (IB), autoregressive (AR), moving average (MA)
and autoregressive moving average (ARMA). For IB
analysis, we divided each trial site into blocks of 8 to 12
plots each. For RS analysis, we created orthogonal poly-
nomial regression variables for rows and columns using
ORPOL in SAS/IML (Wolfinger et al. 1997). Linear and
quadratic row and column effects and their interactions
(linear × linear, linear × quadratic, quadratic × linear, and
quadratic × quadratic) were estimated by stepwise regres-
sion in which all non-significant (p ≥ 0.05) variables were
removed from the model. MA, AR and ARMA first-

order, one-dimensional processes were applied in the di-
rections of rows and columns (Binns 1987; Gleeson and
Cullis 1987; Gleeson 1997).

Spatial analyses were executed using the STEPWISE
(RS), GLM (RS, IB), AUTOREG (AR) and ARIMA
(MA and ARMA) procedures in SAS v 8.1 (SAS Insti-
tute; Cary, N.C.). Mean-square (GLM and AUTOREG)
and maximum-likelihood (ARIMA) estimates of geno-
typic, spatial, and error-variance components were ob-
tained. For each trial site, the 159 markers were tested,
one at a time, for the allele substitution effect on grain
yield. All significant (p < 0.05) markers then were added
back to each spatial model, and all-possible-subsets re-
gression was performed using the RSQUARE procedure
in SAS (SAS Institute; Cary, N.C.). We selected model
size by adding another marker covariate until the R2 im-
provement dropped below 25%. Augmented models
were obtained by adding the set of significant markers
with the largest R2 for that number of covariates. QTL
analysis and permutation tests then were performed on
the residual of each augmented model using QGENE
(Nelson 1997).

Because our objective was to improve RD6502 in 
hybrid combination with B73, we reported QTLs associ-
ated with favorable effects by RD3013 introgressions
only: (1) grain yield QTLs detected at two or more loca-
tions using SPA or IM, (2) grain yield QTLs identified
by spatial analysis but not by standard SPA or IM mod-
els without local environmental control, or (3) grain
moisture and plant height QTLs detected by both SPA
and IM. Estimates of QTL allele substitution effects (%)
were calculated as 100-times the difference between the
phenotypic mean of BC2TC progenies with and without
a given RD3013 introgression divided by the mean of
BC2TC progenies without the introgression. Because 
only one-half of the individuals in a BC2TC plot derived
from a heterozygous BC2 individual would be heterozy-
gous for a given QTL locus, a factor of two was included
in the calculation (Xiao et al. 1998).

QTL-BC3TC evaluation

For BC3TC development, we targeted the three yield
QTLs (yld3.1, yld5.1 and yld6.1) that were identified in
the BC2TC at two or more locations using SPA (p < 0.05).
In addition, we targeted a fourth yield QTL (yld10.1) that
was detected only when a spatial component (IB, RS, AR,
MA or ARMA) and three marker covariates were in-
cluded in the regression model (p < 0.05). RD3013 alleles
contributed positively to yield at all four of these target
introgressions.

Fifty six BC3S1 individuals were selected based on four
criteria: (1) each selection was homozygous for the
RD3013 allele at one or more target introgressions, and its
corresponding BC2TC family (2) ranked among the top
ten entries at two or more locations based on yield-
to-moisture ratio, (3) outperformed the best check (B73 ×
RD6502 or Pioneer 3394) at two or more locations, and
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(4) showed acceptable standability where evaluated. Se-
lected BC3S1 plants were backcrossed and crossed to B73
to generate 56 pairs of BC4 and BC3TC families, respec-
tively.

In the year 2000, all BC3TC families, the original 
B73 × RD6502 hybrid, and three local commercial
checks were planted as two-row plots (5.3 × 0.76 m2 at
69,200 plants/ha) with three replications at Pittsford,
N.Y., Kingston, N.Y., Huxley, Iowa, and York, Neb., and
with two replications at Jerseyville, Ill. A randomized
complete block design (RCBD) was used in all locations

with one plot per entry in each block. Weed and insect
control and nutrient management recommendations for
each local area were followed. Grain was combine- or
hand-harvested (at Jerseyville only) and evaluated for
grain yield and grain moisture.

In the year of this test, high winds and rain caused
many plants to lodge prior to harvest, particularly in the
Midwest. Therefore, we conducted diagnostic tests for
autocorrelation and non-stationarity, and performed
ARMA (1, 1) analysis on BC3TC yield data using the
ARIMA procedure in SAS v.8.1 (SAS Institute, Cary,
N.Y.).

Results

Linkage map

We constructed a genetic map of 106 SSR, 15 AFLP, and
38 Hbr loci with an average marker distance of 14.4 cM
(Fig. 1). The total length of the genetic map was
2,147.4 cM. Of the three marker systems, the Hbr-TD
system was most efficient in detecting polymorphism be-
tween the parental lines. A total of 343 fragments were

Fig. 1 Linkage map based on 204 BC2 progeny derived
from RD3013 × RD6502. Distances in cM (Kosambi) are
to the left of each chromosome. AFLP and Hbr markers are named
according to the primer combination, followed by the estimated
size (bp) of the DNA fragment. Boxes along chromosomes encom-
pass all markers associated with favorable effects by the RD3013
allele at a 5% empirical significance threshold: grain yield (yld)
QTLs associated with positive effects by spatial analysis
or by SPA at two or more locations and grain moisture (mst)
or plant height (pht) QTLs associated with negative effects
by SPA and IM. Black-shaded ovals indicate yield QTLs targeted
for BC3TC development
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amplified using eight primer combinations (average of
43 bands per PCR reaction), 218 (64%) of which were
unique to either RD6502 or RD3013. A lower level of
polymorphism and a lower multiplex ratio were ob-
served using the AFLP assay: 534 fragments were ampli-
fied by 14 primer combinations (average of 38 bands per
PCR reaction), 206 (39%) of which were polymorphic.
One hundred and twenty out of 204 (59%) SSR primer
pairs detected polymorphism between the two parental
lines. 

Trait evaluation

Frequency histograms, means, and standard deviations
for grain yield at the six locations are presented in Fig. 2.
At all locations, we observed test hybrids that yielded
higher than the original B73 × RD6502 hybrid and com-
mercial check. 

BC2TC QTL analysis

Grain yield

We identified three QTLs (yld3.1, yld5.1 and yld6.1) 
at which the RD3013 allele increased grain yield at two
or more locations using SPA. A fourth QTL (yld10.1) was
detected by spatial analysis but not by SPA or IM 
(p < 0.05; Table 1; Fig. 1). This RD3013 introgression
also displayed a favorable, negative effect on grain mois-
ture (mst10.2; Table 1; Fig. 1) at Pittsford and Kingston,

N.Y. (p < 0.05).The estimated effect of each introgression
on hybrid yield averaged 14.4% and ranged from 6.7% to
23.4% of the mean yield of non-carrier BC2TC entries.
R2 values for the individual QTLs averaged 5.0%. 

Spatial analysis confirmed the effects of yld3.1 and
yld5.1, but did not detect a significant effect on yield by
RD3013 introgressions at yld6.1 at any location. Except
for yld5.1 and yld6.1 effects at Jerseyville, Ill, and yld6.1
effects at York, Neb., spatial analysis resulted in p-values
lower than that obtained by SPA.

Grain moisture

We identified six RD3013 alleles (mst1.1, mst1.2,
mst3.1, mst5.1, mst10.1 and mst10.2) associated with a
desirable decrease in grain moisture by both SPA and IM
(p < 0.05; Table 1; Fig. 1). The average decrease in
moisture by individual QTLs was 7.2% of the average
moisture of non-carrier BC2TC progenies. R2 values for
individual QTLs averaged 6.2%.

Plant height

Three QTLs (pht1.1, pht1.2, pht1.3) at which the
RD3013 allele displayed a desirable decrease in plant
height were detected by SPA and IM (p < 0.05; Table 1;
Fig. 1). The average decrease in plant height associated
with individual QTLs was 5.8% of the average height of
non-carrier BC2TC progenies. R2 values for individual
QTLs averaged 5.8%.

Fig. 2 Frequency histograms
for grain yield of 204 BC2TC
progenies at six locations. 
Arrows indicate trial mean
yield (adjusted to 15.5% grain
moisture), triangles indicate
means of the original hybrid
B73 × RD6502 (open triangle)
and Pioneer 3394 (black-filled
triangle); SD = standard devia-
tion
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QTL-BC3TC yield

For BC3TC development, we targeted four RD3013 
introgressions (yld3.1, yld5.1, yld6.1 and yld10.1) associ-
ated with increases in BC2TC yield. Diagnostic tests 
for autocorrelation and non-stationarity based on ACF,
IACF, and PACF plots indicated correlation between
yields of adjacent plots at all Midwestern locations;
highly significant effects of AR or MA processes on hy-
brid yield were detected (p < 0.01).

ARMA analysis of BC3TC yield in replicated trials
confirmed the effects of two of the four target introgress-
ions. Locations at which we confirmed yld3.1 and
yld10.1 effects in the BC3TC corresponded with the
broad geographic region (i.e., Midwest versus N.Y.) in
which they were identified in the BC2TC. Specifically,
BC3TC entries containing yld3.1 significantly outper-
formed non-carrier entries by 11.1% (15.6 bu/acre) at
Jerseyville, Ill., (p < 0.05; Table 2) although realized
gain was slightly less than that predicted (16.3%).
BC3TC entries containing yld10.1 significantly outper-
formed non-carrier entries by an average of 6.7%

(7.1 bu/acre) at Huxley, Iowa, and York, Neb.; in this
case, realized gain matched the genetic gain (6.7%) pre-
dicted by BC2TC analysis. Averaged across both target
introgressions, the realized gain in yield was 84% the
gain predicted by BC2TC analysis. 

High yielding test hybrids were identified based on
BC3TC field evaluation. For example, test hybrid B73 ×
582-1 (161.6 bu/acre), containing yld3.1, outperformed the
original hybrid B73 × RD6502 (137.0 bu/acre) by 18% at
Jerseyville, Ill. Similarly, B73 × 537-4 (129.0 bu/acre) and
B73 × 698-4 (128.7 bu/acre), each containing yld10.1, out-
performed the original hybrid (95.8 bu/acre) by an average
of 35% at Huxley, Iowa.

Contrary to expectation, yld5.1 displayed a significant
negative effect on yield at Pittsford (–7.8%; p < 0.05)
where a positive effect had been detected in the BC2TC
(Table 1). In addition, yld6.1 did not have a significant
effect on BC3TC yield at any location (p ≥ 0.05).

Table 1 RD3013 alleles associated with favorable effects on yield, grain moisture, or plant height at a 5% empirical significance threshold

Trait QTL Bin(s) SPA SPA % R2 IM Spatial Effect Location
p-value LOD LOD analysis (%)a

p-value

Grain yieldb yld3.1 3.09 0.0054** 1.70 4.0 1.70 0.0019** –23.9 Aurora, N.Y.
0.0390* 0.94 2.3 0.96 0.0327* 9.1 Winterset, Iowa

yld5.1 5.09 0.0133* 1.34 3.3 1.83 0.0444* 12.1 Jerseyville, Ill.
0.0194* 1.20 2.9 1.22 0.0126* 20.5 Pittsford, N.Y.

yld6.1 6.05–6.06 0.0037** 1.86 4.8 2.28 0.1722 13.7 Jerseyville, Ill.
0.0017** 2.17 5.3 2.42 0.5574 14.9 York, Neb.

yld10.1 10.05 0.0788 0.68 12.1 0.88 0.0298* 6.7 Winterset, Iowa.

Grain moisturec mst1.1 1.02 0.0023** 2.04 4.8 2.09* n/ad –5.9 Pittsford, N.Y.
mst1.2 1.09–1.11 0.0007*** 2.52 5.9 2.82* n/a –5.5 Aurora, N.Y.
mst3.1 3.04–3.05 0.0012** 2.31 5.2 2.45* n/a –6.6 Aurora, N.Y.
mst5.1 5.03–5.05 0.0014** 2.25 5.1 2.40* n/a –5.7 Kingston, N.Y.
mst10.1 10.01–10.02 0.0001*** 3.50 8.6 3.22* n/a –13.8 Winterset, Iowa.
mst10.2 10.03–10.05 0.0004*** 2.80 7.5 2.11* n/a –6.8 Pittsford, N.Y.

0.0004*** 2.71 6.1 2.81* n/a –5.9 Kingston, N.Y.

Plant heightc pht1.1 1.03 0.0005*** 2.70 6.2 2.58* n/a –5.8 Kingston, N.Y.
pht1.2 1.05–1.06 0.0007*** 2.50 5.7 2.70* n/a –5.8 Kingston, N.Y.
pht1.3 1.07 0.0010** 2.38 5.6 2.32* n/a –5.8 Kingston, N.Y.

*, **, *** p<0.05, 0.01, or 0.001
a Effect (%) = 200*(AB – AA)/AA; AB = mean of BC2TC proge-
nies with RD3013 allele; AA = mean of non-carrier BC2TC proge-
nies

b QTLs detected by SPA at two or more locations or by spatial
analysis only
c QTLs detected by SPA and IM
d n/a = not evaluated

Table 2 RD3013 alleles asso-
ciated with positive effects
on BC3TC yield in replicated
field trialsa

QTL Marker Pr > |t| Estimated effect Mean yield in bu/A Location
(% non-carrier)

QTL-BC3TC Non-carrier

yld3.1 phi047 0.0381* 11.1 168 140 Jerseyville, Ill.
yld10.1 umc1506 0.0228* 8.1 112 103 Huxley, Iowa.

0.0490* 5.3 114 109 York, Neb.

*p < 0.05
a RCBD having one plot/entry/block × 56 entries × three blocks (except at Jerseyville where blocks = 2)
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Discussion

Identification of useful QTL alleles

The AB-QTL method is tailored to the discovery and
transfer of favorable QTL alleles from unadapted germ-
plasm to established lines (Tanksley and Nelson 1996).
This work demonstrated that this breeding strategy can
be extended to BC2TC progeny derived from two elite,
heterotic inbreds of maize for the identification and
transfer of useful QTLs or novel epistatic gene interac-
tions. For all three traits evaluated – grain yield, grain
moisture and plant height – we identified QTL alleles in
the Iodent-type donor parent RD3013 that improved 
hybrid performance when transferred to the Lancaster-
type recipient parent RD6502. These results indicated 
favorable effects of RD3013 alleles in an RD6502 back-
ground or in a hybrid combination with B73 or both.

The validity of grain yield, grain moisture, and plant
height QTLs identified in this experiment is supported
by their co-localization with QTLs or structural genes
mapped in other maize populations. Specifically, yld6.1,
mst5.1, pht1.1 and pht1.2 QTLs mapped to the same
chromosomal bins as previously reported yield (qgyld8
and qgyld17), grain moisture (qmoist3), and plant height
(qpht61, qplht49, qplht56 and qplht64) QTLs, respec-
tively (Pioneer Composite Map 1999; http://www.
agron.missouri.edu). In addition, pht1.1 mapped to the
same chromosomal bin as compact plant (ct2), a gene
with known effects on plant stature in maize (Beavis et
al. 1991). Although plant height typically shows quanti-
tative inheritance, major genes for reduced plant height
have been found in all major cereals (Börner et al. 1999),
and QTLs associated with qualitative genetic loci con-
trolling plant height have been reported (Beavis et al.
1991; Edwards et al. 1992; Berke and Rocheford 1995;
Wu et al. 1996).

Methods of QTL analysis

Although we observed a good correspondence between
results using SPA and IM methods of analysis, occasion-
al discrepancies can reflect recombination between a
marker locus and a QTL, the presence of a significant
cofactor between two markers flanking any given QTL
(e.g., cancellation of positive and negative dominance), 
a type-I error, or loss of statistical power upon adding
another marker covariate to the regression model. In this
study, we did not apply composite interval mapping to
control residual genetic background. A BC2 population
is expected to have 87.5% of the recurrent parent 
genome recovered and, therefore, less variance due to
genetic background compared to balanced populations.
Moreover, the addition of each marker covariate to the
regression model would cost a greater loss of QTL map-
ping power in an advanced backcross population due to
the lower frequency of informative (i.e., recombinant)
individuals for each marker locus.

Spatial analysis

As in most QTL mapping experiments, unreplicated field
trials at multiple locations were conducted in order to
maximize the number of BC2 progeny that could be eval-
uated in this study. First, large sample sizes are required
to detect genetic variance associated with many small-
effect QTLs in the genome (Lande and Thompson 1990;
Beavis 1994). Second, increasing sample size, more so
than replication, improves the power of QTL mapping
when significant genetic variance exists among lines
nested in QTL genotypes (Knapp and Bridges 1990).
Third, a single replication at many locations is superior
to several replications at fewer locations in controlling
genotype × environment (G × E) interactions (Weber
1980).

To control spatial heterogeneity among entries evalu-
ated across a large field, we included a model selection
procedure in which a fixed number of simple models of
genotypic and spatial variance were searched for the
lowest error variance and highest R2. Highly significant
effects of AR or MA processes on hybrid yield and
greater power (e.g., no type-I error associated with
yld6.1) and precision (e.g., lower p-values associated
with yld3.1, yld5.1 and yld10.1 effects) when mapping
QTLs in the BC2TC clearly demonstrated the importance
of local environmental control for QTL mapping in
maize. Consistent yld10.1 effects on BC2 and BC3 hybrid
yield further illustrated the utility of spatial analysis for
the discovery of genuine QTLs based on field data. This
QTL was not detected using SPA or IM models without
a local environmental component. Currently, we are con-
ducting a more detailed assessment of the utility of com-
bining QTL analysis and spatial statistics using data
from maize field trials.

Efficiency of AB-QTL analysis in maize

The low R2 values obtained in this study can be attribut-
ed to the presence of small-effect QTLs governing maize
yield or low QTL mapping power in advanced backcross
progeny. By Mendelian expectation, only 50% of the
plants in each BC2TC plot contain the donor parent allele
for a given introgression. This “dilution effect” by non-
carrier individuals can mask small effects of RD3013
QTL alleles occurring at low frequencies (approximately
25%) in the hybrids.

A more fundamental concern that must be investi-
gated is whether genes with detectable and meaningful
additive or dominant effects on hybrid yield are abun-
dant enough in elite maize to justify the high cost of
MAS. In this experiment, the effects of yld3.1 and
yld10.1 on BC3 hybrid yield averaged 8.2%. Given the 
4 years required to implement the first cycle of AB-QTL
breeding, this translates to an average annual gain of
2.1% compared to historical genetic gains estimated 
as 0.5 to 2% per year (Tiffany et al. 1992; Evans and 
Fischer 1999). In terms of annual gain in yield, the 
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AB-QTL method may prove cost-effective only when a
small pyramid of two or three QTL alleles are trans-
ferred to each inbred parent of an elite hybrid.

On the other hand, the AB population structure offers
three advantages over F2 progeny of unrelated inbreds if
high-order gene interactions play a significant role in the
expression of key agronomic traits in maize. First, dis-
ruption of favorable epistatic interactions in an elite hy-
brid is minimized by initiating selection in an advanced
backcross generation. Second, useful small-effect addi-
tive and dominant alleles can be identified which more
likely would be confounded by epistasis in balanced
populations. Third, simultaneous identification and
transfer of QTLs by the AB-QTL method require less
time than other strategies based on selfing for QTL 
detection and backcrossing for line development.

In replicated trials, we were able to validate favorable
effects of two yield QTLs one generation after QTL dis-
covery. By comparing yield means of BC3TC carrier and
non-carrier test hybrids, we can conclude that, while oth-
er genes may have been introgressed into RD6502, the
gene(s) in the yld3.1 and yld10.1 chromosomal segments
are primarily responsible for the observed differences in
yield. These results support the underlying assumption
of QTL breeding: beneficial QTL-alleles identified in
segregating populations will continue to exert their posi-
tive effect in nearly isogenic backgrounds of the same
recipient parent.

While the breeder’s objective is to identify favorable
QTL alleles with stable effects across environments, we
evaluated mean values at each location rather than across
the six locations. By this approach, we were able to 
detect both positive and negative effects of RD3013 
introgressions; pooling data across environments could
have obscured the effects of introgressions such as
yld5.1, for which G × E interactions may have been sig-
nificant. Unexpected effects of yld5.1 can indicate loss
of QTL alleles in the BC3TC due to recombination, the
type-I error when detecting QTLs in the BC2TC, signifi-
cant genotype × environment interactions (i.e., QTL ×
year), or epistasis. Climatic conditions were favorable
for maize grain production in all BC2TC test environ-
ments, but high winds caused severe lodging of plants in
the evaluation of BC3TC progeny. Expression of positive
yld5.1 effects on grain yield may have been dependent
on favorable growing conditions (i.e., the BC2TC trial)
or confounded by poor standability in stress environ-
ments (i.e., the BC3TC trial). By Mendelian expectation,
the genetic background of BC3TC progeny contained
6.25% more of the recurrent parent genome than the
BC2TC. Restoration of favorable epistatic interactions
among RD6502 and B73 alleles or novel and negative
epistatic interactions among RD6502, RD3013 and B73
alleles may have masked expected effects in the BC3TC.
Effects of opposite sign have been detected in other vali-
dation experiments (Melchinger et al. 1998).

Finally, we were able to select BC3TC entries superi-
or to the original hybrid and commercial check one gen-
eration after QTL identification. Parents of these high

yielding test hybrids can provide a starting point for the
fine mapping of genes underlying yld3.1 and yld10.1
effects. Estimating the effects of these chromosomal seg-
ments in different genetic backgrounds, and in combina-
tion with other Stiff Stalk Synthetic (SSS) testers, will
clarify their utility for hybrid maize production. In 
summary, this work demonstrates that genetic gains by
AB-QTL analysis can be coupled with the maintenance
and selection of favorable epistatic gene interactions by
traditional hybrid breeding for maize improvement.
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